Objectives-High blood pressure variability is increasingly used as a predictor of target-organ damage and cardiovascular events. However, little is known about blood pressure variability changes with age and its possible sociodemographic, anthropometric, and genetic moderators.
Introduction
Blood pressure (BP) may vary due to short-term changes that occur during the day and night. The advent of noninvasive but accurate ambulatory blood pressure (ABP) monitor has made it possible to measure not only the BP mean but also the BP variability (BPV), which is generally estimated by the standard deviation (SD) of ABP measures over 24 representative for the wholeh. Although increased BPV has been widely shown to be associated with a greater degree of target-organ damage [1] [2] [3] and a higher rate of cardiovascular events [4, 5] , little is known about BPV changes with age and its possible sociodemographic, anthropometric, and genetic moderators, as assessed in a longitudinal design.
In the present longitudinal study of 344 European American and 297 African-American youths, we evaluated ABP up to 12 times over a 15-year period from childhood to early adulthood. To the best of our knowledge, this is the only cohort of youth in which 24-h ABP levels have been collected over such a long and crucial period of development. Using growth curve modeling, we aimed to examine sex and ethnic differences as well as effects of ABP level, adiposity, socioeconomic status (SES) and genetic susceptibility to essential hypertension on BPV development with age.
Methods

Patients
The patients (n= 641) were participants in an ongoing longitudinal study evaluating the development of cardiovascular risk factors in youth and young adults. It included almost equal numbers of African-American and European American youths. The data encompass a 15-year period (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) , in which 12 assessments were conducted. The dataset is complicated because not all patients had the same number of visits, with patients being recruited into the study at different ages and different years. However, more than 55% of participants had at least four visits, making this data set very informative for the study of BPV changes over time.
Study design, selection criteria and the criteria to classify participants as African-Americans or European Americans for the longitudinal study have been described previously [6] [7] [8] . Briefly, recruitment and evaluation of participants began in 1989. Participants who met the following criteria were recruited: aged 7-16 years in 1989; African-Americans or European Americans; normotensive for age and sex based on BP screening, and apparently healthy based on parental reports of the child's medical history. The annualized attrition rate has been less than 4% per year. There have been no significant differences in age, ethnicity and sex distributions between dropouts and the participants who remained in the study. During the study, 11 participants began to take antihypertensive medication, and the data obtained during this period were excluded from analyses. The Institutional Review Board at the Medical College of Georgia gave its approval for the study.
Measurements
On each laboratory visit during the 15-year period, both anthropometric and cardiovascular evaluations were conducted [7, 9] . Participants' height and weight were measured with a Healthometer medical scale that was calibrated daily. Body mass index (BMI, weight/ height 2 ) was calculated as a measure of general adiposity. Waist circumference, a measure of central adiposity, was evaluated as described elsewhere [10] .
Socioeconomic status was represented by father's education level. Because this measure remained highly stable across the years of the study, its value measured at the midpoint of the study was taken as a representative for the whole study period. Father's education level was measured in years on a 7-point scale that ranged from less than high school to postgraduate education. Eighteen participants with missing values for father's education level were omitted from analyses in which this variable was included.
Family history of essential hypertension was used as a proxy for genetic susceptibility of hypertension. A positive family history of essential hypertension was defined as the occurrence of essential hypertension in one or both biological parents at any visit. Diagnosis of essential hypertension was verified by the individual's physician or medical records [9] . Seven participants with missing values for family history of essential hypertension were omitted from analyses in which this variable was included.
Ambulatory blood pressure recordings and blood pressure variability
Our procedures for ABP recordings have previously been described in detail [8, 11] . Briefly, an ABP monitor (model 90207; SpaceLabs, Redmond, Washington, USA) was fitted to the nondominant arm. Measures were obtained every 20 minduring the daytime (0800 to 2200 h) and every 30 min during the night-time (12 midnight to 0600 h). Transitional periods from 0600 to 0800 h and 2200 h to midnight were not included in the analyses. Adequacy of recordings were based on acceptable readings using previously established criteria [11] for at least 14 readings over the 14 h designated as daytime and at least six readings over the 6 h designated as the night-time, as suggested by the European Society of Hypertension Working Group on Blood Pressure Monitoring [12] .
In the present study, we examined the BPV trajectories based on these intermittent ABP measurements. BPV is usually indexed by the standard deviation (SD) of the ambulatory BP recordings over the entire 24 h [13] . However, BPV during a 24-h period is usually defined as circadian BP variation and mainly reflects the day-night variation. Since the magnitude of the nocturnal BP fall is positively related with 24-h BPV [14] and the clinical significance of these two parameters is opposite, with a increased BPV [1, 15] and a reduced degree of nocturnal BP fall [16] both being associated with a greater degree of end-organ damage and cardiovascular events, we did not focus on the 24-h BPV in the present study. Instead, to account for the influence of the nocturnal BP fall on the 24-h BP SD and quantify 24-h BPV without including the circadian component, the weighted 24-h BP SD was used in this study, which is the mean of the daytime BPV and night-time BPV weighted for the duration of daytime and night-time subperiods [17] .
Statistical analyses
Growth curve modeling-All analyses in the present study were explored by use of individual growth curve modeling within a multilevel framework [18] , which is a data analysis technique particularly designed to explore longitudinal data. Longitudinal data can be considered to be clustered or hierarchical data since repeated observations (first level) are nested within patients (second level). Individual growth curve modeling accounts for the dependency of the data owing to this clustering, and fits a curve for each individual. These individual growth curves (e.g. systolic/ diastolic BPV development with age) are characterized by their intercept (or level) and slope (rate of change). Addition of independent variables to the model, such as ABP level, ethnicity and sex, is aimed at explaining between-patient variation (in level and slope) of the BPV growth curves [18, 19] .
Analytical strategy and software-Each of the BPV indices was regarded as a twolevel hierarchy, with patients at level 2 (between-patient variation) and repeated BPV measurements at level 1 (within-patient variation).
We first specified the unconditional growth model, in which fixed and random linear and quadratic trends were fitted by adding age and age 2 to the intercept-only model, respectively. Age was expressed as a deviation from its mean of 17 years. Ethnicity and sex were then separately added to the unconditional growth model to test their effects on BPV intercept and on the rate of change, the latter was modeled as interactions with age and age 2 . Ethnicity × sex and ethnicity × sex × age interactions were tested as well.
Next, because changes in BPV can be dependent on the progressive increment in BP values per se, ABP mean values during 24 h were added to the growth model for BPV.
In the third step, we separately added anthropometric variables (i.e. height, BMI and waist circumference), SES (father's education level) and a measure of genetic susceptibility (family history of essential hypertension) to the model to estimate the effect of these variables on the development of BPV. The main effects of these variables and effects of their interactions with age, ethnicity and sex on BPV were tested as well. Height, BMI, waist circumference and father's education level were centered at 167 cm, 24.0 kg/m , 80 cm and 13 years, respectively.
In the final step, all variables, including interaction terms, that had significant effects on BPV trajectories in the previous models were entered simultaneously in a full model to obtain independent effects of age, ABP, ethnicity, sex, adiposity (BMI and waist circumference were entered into the full model separately due to the high collinearity between these two variables), SES and family history of essential hypertension on BPV development.
A likelihood ratio test was used to determine the significance of the fixed and random effects that were added to the model in each of the analysis steps. This test yields the deviance of the model which is defined as −2 × log likelihood. The deviance difference (between two models) is asymptotically χ 2 distributed, with the number of degrees of freedom equal to the difference in number of estimated parameters between the two models. To judge the significance of parameters in the full model, each parameter was removed from the model, and a likelihood ratio test was used to examine whether its effect was significant in the full model [6, 8, 18] . Multilevel modeling was conducted using the MLwiN software [19] .
Results
Descriptive characteristics by ethnicity and sex at participants' first evaluation are shown in Table 1 .
Systolic blood pressure variability growth curve
Results of growth curve modeling for systolic BPV are shown in Table 2 . The unconditional growth model with fixed and random linear effects (age) and a fixed quadratic effect (age 2 ) provided the best fit. Age showed a significant positive effect (β = 0.110, P< 0.001), which indicates that systolic BPV increased with age.
Ethnicity and sex showed a significant effect on systolic BPV levels, with African-Americans and men having higher levels than European Americans and women (Table 2, model 1). Sex also showed significant interactions with age and age 2 , reflecting that men had higher linear increase and a stronger leveling-off of the increase in systolic BPV over time than did women ( Fig. 1) . Compared with the unconditional growth model, the ethnicity and sex model explained an additional 23.2% of the between-patient variance and only 0.7% of the within-patient variance in systolic BPV.
Twenty-four-hour SBP mean value had significant effect on systolic BPV levels (β = 0.045, P < 0.001), with higher SBP mean value associated with higher BPV levels. SBP mean value also showed significant interaction with age (β= −0.004, P< 0.001), which reflects that the positive effect of SBP mean value on systolic BPV levels decreased with age (Table 2, model 2). After adjusting for SBP mean value, we found the significant effect of sex on systolic BPV levels remained, but the significant effect of ethnicity disappeared (data not shown). Compared with the ethnicity and sex model, SBP mean value model explained an additional 11% of the between-patient variance and 0.9% of the within-patient variance in systolic BPV.
As shown in Table 2 (models 4 and 5), BMI and waist circumference showed significant effects on systolic BPV levels (P < 0.001), with increasing adiposity (both general and central) associated with increased BPV. However, systolic BPV levels were not affected by height (Table 2, model 3). Compared with the ABP mean value model, anthropometric models explained additional 2.6-3.8% of the between-patient variance and less than 0.2% of the within-patient variance in systolic BPV.
As an index of SES, father's education level showed a significant negative effect systolic BPV levels (β= −0.059, P< 0.001) (Table 2, model 7), which indicates that patients with higher father's education levels had lower systolic BPV levels. Compared with the ABP mean value model, father's education level explained an additional 1.2% of the betweenpatient variance and less than 0.2% of the within-patient variance in systolic BPV. Family history of essential hypertension did not show any significant effect on systolic BPV (Table 2, model 9).
In the full model (Table 2, model 10) including age, age 2 , ethnicity, sex, SBP mean value, father's education level and adiposity (BMI and waist circumference were entered into the full model separately), ethnicity was no longer significant. The full model explained in total 53.0% of the between-patient variance and 4.2% of the within-patient variance in systolic BPV.
Diastolic blood pressure variability growth curve
Results of growth curve modeling for diastolic BPV are shown in Table 3 . The unconditional growth model with fixed and random linear effects (age) provided the best fit. Age showed a significant positive effect on diastolic BPV levels (β = 0.071, P < 0.001).
Ethnicity and sex showed significant effects on diastolic BPV levels, with African-Americans and men having higher levels than European Americans and women (Table 3 , model 1). Sex also showed significant interaction with age, reflecting that men had higher linear increase of diastolic BPV over time than did women (Fig. 2) . Compared with the unconditional growth model, the ethnicity and sex model explained an additional 16.2% of the between-patient variance and only 0.6% of the within-patient variance in diastolic BPV.
Twenty-four-hour DBP mean value had a significantly positive effect on diastolic BPV levels (β = 0.035, P< 0.001) (Table 3, model 2). Compared with the ethnicity and sex model, DBP mean value model explained an additional 3.4% of the between-patient variance and 0.3% of the within-patient variance in diastolic BPV levels. Table 3 (models 4 and 5), BMI and waist circumference showed significant effects on diastolic BPV, with increasing adiposity (both general and central) associated with higher BPV levels. Compared with the ABP mean value model, anthropometric models explained additional 8.6-9.8% of the between-patient variance in diastolic BPV.
As shown in
Father's education level showed a significant effect on diastolic BPV levels (β = −0.056, P<0.05) (Table 3, model 7) , with patients with higher father's education levels having lower levels. Compared with the ABP mean value model, father's education level explained an additional 0.6% of the between-patient variance and 0.1% of the within-patient variance in diastolic BPV. Family history of essential hypertension did not show any significant effect on diastolic BPV (Table 3, 
model 9).
In the full model (Table 3, model 10) including age, ethnicity, sex, DBP mean value, father's education level and adiposity (BMI and waist circumference were entered into the full model separately), father's education level was no longer significant. The full models explained in total 42.1-43.4% of the between-patient variance and 3.3-3.4% of the withinpatient variance in diastolic BPV.
Discussion
To the best of our knowledge, the present study is the first longitudinal study to examine effects of age, ABP level, sex, ethnicity, adiposity, SES and genetic susceptibility of essential hypertension on BPV development from childhood to early adulthood. We found that both BPV measures (weighted 24-h SBP SD and weighted 24-h DBP SD) increased with age and ABP levels. As for sex and ethnic difference, we found that men and African-Americans have higher BPV than women and European Americans. BPV measures increased with adiposity. Furthermore, the present study is the first to report that lower SES associates with increased BPV.
That increased BPV is associated with aging and high ABP levels [13, 14, 20] , although some studies did not confirm these relationships, is generally accepted [21] [22] [23] . Fluckiger et al. [21] and Sakai et al. [22] found no significant association between age and BPV. Pickering et al. [23] found BPV was not correlated with ABP levels. In the present study, after adjusting for potential confounding effects, we found that age and ABP mean levels independently affected all BPV measures. Although precise mechanisms responsible for BPV are not fully understood, it is proposed that behavioral, neural, reflex and humoral factors all participate in this phenomenon [24] . Baroreflex sensitivity diminishes with increasing arterial stiffness due to aging and high BP, which may partly explain the positive effects of age and ABP level on BPV growth.
Existing evidence on the sex difference in BPV is limited and conflicting. In a communitybased study (823 patients aged ≥20 years) in Ohasama, Japan, Imai et al. [14] found that women had significantly higher levels of 24-h SD (both SBP and DBP) than men. Watson et al. [25] did not find any sex differences in BPV in 26 patients with essential hypertension. In contrast to the two cross-sectional studies above, we found that men had significantly higher levels of all BPV measures than women, which is consistent with the prognostic value of higher BPV being associated with a greater degree of cardiovascular events, since it is generally accepted that men usually have higher morbidity and mortality of cardiovascular diseases than women. Conclusive evidence has shown that acute dynamic physical exercise may cause blood pressure fluctuations [24, 26] . So we suspected that higher levels of dynamic physical exercise in men compared to women might have been one possible explanation of the sex difference in BPV. Unfortunately, we could not fully adjust for the confounding effect of daily dynamic physical exercise due to the absence of this kind of data. However, since ABP is also related to dynamic physical exercise [27] and we have adjusted for ABP mean values, we believe that we have at least partially adjusted for differences in daily physical exercise between men and women. This indicates that other intrinsic factors may be involved in the sex difference in BPV. One of these may be arterial baroreflex sensitivity, because there is evidence showing that women may have greater baroreflex sensitivity and alterations of BP are more efficiently controlled than in men [28] .
On the basis of the only previously available study on ethnic difference in BPV which included only 26 patients with essential hypertension in England, Watson et al. [25] found that none of the BPV measures were related to ethnicity (6 blacks vs. 20 whites). However, the cross-sectional design and the small sample size limit the generalizability of this study. In the present study, we found that African-Americans showed higher levels of BPV than European Americans. The higher BPV level in African-Americans than European Americans is also consistent with the prognostic value of higher BPV, because substantial evidence has shown that African-Americans experience higher incidence and mortality of cardiovascular disease than European Americans. In the present study, most of ethnic differences in BPV, for example SBP SD, were explained by ethnic differences in ABP mean values per se. However, the significantly higher DBP SD in African-Americans than European Americans persisted even after adjustment for DBP mean values and other potential confounders. Therefore, additional mechanisms which may affect the ethnic difference in BPV need to be clarified in the future.
The present study further examined effects of other moderators, for example adiposity, SES and genetic susceptibility to essential hypertension, on BPV development. Consistent with previous cross-sectional studies [14, 22, 25] , we found that adiposity was positively related to all BPV measurements. Reduced baroreflex sensitivity [29] and vagal cardiac dysfunction [30, 31] have been observed in obese patients, which may explain the increased BPV in obese patients. To the best of our knowledge, we are the first to report effects of SES (father's education level) and family history of essential hypertension on BPV growth. We found that patients with higher father's education level showed lower BPV levels. Together with the protective effect of higher SES on other cardiovascular risk factors, for example ABP level [8] and left ventricular mass [7] , our results confirmed that father's education attainment might be a cardiovascular protective investment for their offspring. We used family history of essential hypertension as a proxy for genetic susceptibility in the present study, and failed to find any significant positive relationship between family history of essential hypertension and BPV measures. However, we must be cautious in interpreting the genetic predisposition on BPV growth, because family history of essential hypertension is only a crude measure of genetic susceptibility, and it also partly reflects familiar environment. In addition, using the same dataset, we have observed low tracking coefficients of BPV measures over time [32] . The low stability of BPV indicates that a larger sample size might have to be used to identify small effects.
Several limitations of the present study need to be recognized. Firstly, BPV indices in the present study represented 20-min (daytime)/30-min (night-time) intermittent BP variability, not beat-to-beat BP variability. Short-term BP variability, including sporadic and random variations as well as physiological variations, should be examined by beat-to-beat measurements of BP [14, 33] . However, when the time period between the intermittent measurements range from 5 to 20 min, the BPV obtained by intermittent measurements was not significantly different from those from beat-to-beat measurements [33] . Secondly, ethnic and sex differences in BPV may be due to differences in pubertal maturation stage. Since we have addressed effects of body height and adiposity in our study, which have been shown to be associated with pubertal maturation stage, we have at least partly adjusted for sexual maturation through body size. Thirdly, we did not have data on physical activity and it is a possibility that physical activity may explain the differences in BPV between sex and ethnicity. We conducted the same analysis using night-time BPV and observed the same effect. That is, African-Americans and men having higher BPV than European Americans and women. This indicates that it is unlikely that ethnic and sex differences in BPV can be explained by differences in physical activity. Overall, these limitations do not diminish the value of this study. For example, we are the first longitudinal study to examine predictors of BPV development from childhood to early adulthood, and we are also the first to report the protective effect of higher SES on BPV.
Perspectives
Although BPV derived from ambulatory BP monitoring is an independent predictor of target-organ damage and cardiovascular events, longitudinal evidence about its development with age and its possible sociodemographic, anthropometric, and genetic moderators is scarce. In the present longitudinal study of 344 European Americans and 297 African-Americans with up to 12 measurements over a 15-year period from childhood to early adulthood, we discovered that men and African-Americans have higher BPV levels than women and European Americans. We also found that all BPV levels increased with increasing age, ABP level and adiposity and patients with higher father's education level showed lower BPV. The results suggested that the higher cardiovascular morbidity and mortality in men and African-Americans may have their origin in sex and ethnic differences in BPV. Reducing and controlling BP level and adiposity could be considered to reduce the risk of developing high BPV levels. The increase of systolic blood pressure variability with age by ethnicity and sex. The increase of diastolic blood pressure variability with age by ethnicity and sex. Values are mean ±SD unless otherwise indicated. BMI, body mass index; BPV, blood pressure variability; DBP, diastolic blood pressure; SBP, systolic blood pressure; SD, standard deviation. BMI, body mass index; BPV, blood pressure variability; SBP, systolic blood pressure. Coding of ethnicity: 0 for European Americans and 1 for African-Americans; coding of sex: 0 for men and 1 for women; coding for family history of essential hypertension: 0 for negative and 1 for positive.
a Smaller sample size involving 623 patients and 2593 measurements (cases missing on father's education were excluded).
b Smaller sample size involving 634 patients and 2615 measurements (cases missing on family history of essential hypertension were excluded). 
